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m Exhibits A-F, which demonstrate the effects of treating adult tissues with sonic hedgehog or 
desert hedgehog. Exhibit A shows that both sonic hedgehog and desert hedgehog induce 
expression of gli-1 in endoneurial fibroblasts isolated from adult rat sciatic nerve. Exhibits B 
and C show that both sonic hedgehog and desert Hedgehog improve recovery in adult mice 
foUowmg sciaUc nerve crush. Exhibit D shows that striatal administmtion of sonic hedgehog 
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S^te adTtis'sues experiments demonstrates that hedgehog treatmem 
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The morphogen Sonic hedgehog is an indirect angiogenic 
agent upregulating two families of angiogenic growth factors 
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Sonic hedgehog (Shh) is a prototypical morphogen known to regulate epithelial/mesenchymal 
interactions during embryonic development. We found that the hedgehog-signaling pathway is 
present in adult cardiovascular tissues and can be activated in vivo, Shh was able to induce robust 
angtogenesis, characterized by distinct large-diameter vessels. Shh also augmented blood-flow 
recovery and limb salvage following operatively induced hind-limb ischemia in aged mice. In vitro, 
Shh had no effect on endothelial-cell migration or proliferation; instead, it induced expression of 
two families of angiogenic cytokines, including all three vascular endothelial growth factor-1 iso- 
forms and angiopoietins-1 and -2 from interstitial mesenchymal cells. These findings reveal a 
novel role for Shh as an indirect angiogenic factor regulating expression of multiple angiogenic 
cytokines and indicate that Shh might have potential therapeutic use for ischemic disorders. 



Hedgehog (Hh) proteins act as morphogens in many tissues dur- 
ing embryonic development' The mature forms of Hh are 19- 
kD proteins that Interact with heparin through an N-terminal 
basic domain and are tethered to the cell membrane through 
cholesterol and fatty acyl modification* '*. Hh acts upon meso- 
derm in epithelial-mesenchymal interactions that are crucial to 
the formation of limb. lung, gut, hair follicles and bone^ '. 
Among the three highly conserved mammalian Hh genes, Sonic 
hedgehog (Shh) is the most widely expressed during develop- 
ment'^*' and Shh deficiency in mice is embryonically lethal lead- 
ing to mulUple defects beginning in early to mid gestation'-' ■^ 
Indian hedgehog (Ihh) is less widely expressed and Ihh-deflcient 
mice survive to late gestetion with skeletal and gut defects" '^ '^ 
Desert hedgehog (Dhh) is expressed in the peripheral nerves, 
male gonads, as well as the endothelium of large vessels during 
development'\ Dhh-deflcient mice are viable but have periph- 
eral-nerve and male-fertility defects". 
Hh signaling occurs through the interaction of Hh protein with 
-itS4Bcep t o r , Patched 4-fftcl-encoded by PtchY* . Thi s l eads4o^^- 
vation of a transcription factor. Gli, which induces expression of 
downstream target genes including Ptch and Gli themselves**^. 
Thus Ptcl and Gli are both required components as well as tran- 
scriptionally induced targets of the Hh signaling pathway. 

Several recent observations point to the involvement of Hh in 
vascularizing certain embryonic tissues. First, hypervasculariza- 
tion of neuroectoderm is seen following transgenic overexpres- 
sion of Shh in the dorsal neural tube**. Second. Shh-deficient 
zebrafish exhibits disorganization of endothelial precursors and 
an inability to form the dorsal aorta or axial vein". Third. Shh- 
deficient mice lack proper vascularization of the developing 
lung*. Fourth, Ihh. expressed by prehypertrophic chondrocytes, 
regulates the rate of chondrocyte maturation, a process closely 



correlated to the induction of angiogenesis in bone^*". Finally, 
the induction of anagen in the hair follicle requires both Shh 
and angiogenesis^""'. Although these findings implicate the Hh 
pathway in vascular development, it is not clear whether these 
effects are due to a direct angiogenic action of Hh. 

Here, we used postnatal mouse models to directly test the im- 
pact of Shh on vascularization in vivo. We show that cells in the 
adult cardiac and vascular tissues express Ptcl and can respond to 
exogenous Hh by Ptcl overexpression. In addition, we tested the 
angiogenic properties of Shh in the corneal and ischemic hind- 
limb models of angiogenesis. We found that Shh is a potent an- 
giogenic factor, and when administered to aged mice it is able to 
induce robust neovascularization of ischemic hind-limbs. Shh-in- 
duced angiogenesis is characterized by large-diameter vessels. 
Investigation of the mechanism responsible for these findings es- 
tablished that Shh is an Indirect angiogenic agent. Inducing up- 
regulation of two families of angiogenic growth faaors, including 
vascular endothelial growth factor CVEGF) and the angiopoietins 
A ng- 1 a nd Ang-2 Our ^^^-^ inH^ntn ^ nnvpl and nnpYpprred-.biQ— 



logical activity for Hh with potential therapeutic implications. 
Hh signaling in postnatal vasculature 

In Juvenile and adult mice, we found that Ptcl is normally ex- 
pressed in cardiovascular tissues (Fig. 1). We visualized Ptcl ex- 
pression using P-galactosidase (P-gal) staining of vascular tissues 
from mice that have a non-disruptive insertion of a nuclear local- 
ization signal (NLS)-tagged lacZ reporter gene upstream of the 
Ptch coding region (NLS-Ptch-lacZ mice). Ptcl expression corre- 
sponds to lacZ expression in postnatal tissues and does not ap- 
pear to be altered by lacZ insertion (L, Ling, unpublished 
observations). When examined for nuclear f-gal expression. NLS- 
Pteh-iacZ mice exWbited basal Ptcl expression in adventitial cells, 
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^ endothelial cells and cells in the medial layer of the vasculature 

1 (Fig. Ic). These results indicated that adult cardiovascular tissues 
?= have several resident populations of cells that might be respon- 
§ sive to Hh. To test this hypothesis, day 6 postnatal NlS-PtdhJacZ 
^ mice were injected subcutaneously with Shh once dally for three 
3 days. This treatment induced a dose-dependent increase in Ptcl 
S expression in coronary arteries and aortas (Fig. la, b and e). In 
^ particular, adventitial cells showed a significant increase in Ptcl 
S expression (Fig. le). These cells were vimentin-positive, consis- 
M tent with aortic adventitial fibroblasts (data not shovm) . 

2 

o. Shh induces vascular growth and promotes limb salvage 

2 We tested the potential for Shh to act upon the adult vasculature 
^ and protect against ischemic injury by administering Shh, the 
2 VEGF-1 isoform recombinant human (rh)VEGF,65 or control to 
5 aged mice undergoing unilateral, surgically induced hind-limb 
ex ischemia. Aged mice have impaired anglogenesis. decreased 
® blood-flow recovery, and typically develop limb necrosis from is- 

echemic injury due to an inherent compromise in endogenous 
neovascularization^'^. A blinded evaluation showed that two- 
year-old mice receiving control developed profound conse- 
quences of hind-limb ischemia (including auto-amputation and 
foot/leg necrosis): 65% at day 7 after surgery, 73% at day 14, 80% 
at day 21. and 82% at day 28 (Fig. 2a). Similarly, mice treated 
with intramuscular injections of rhVEGFjes had severe necrosis 
or auto-amputation of the ischemic limb comparable to vehicle- 
treated mice (data not shown). In contrast, we observed a sharp 
increase in limb salvage in mice treated with Shh. In this group, 



Fig. 1 Ptch expression and activation in postnatal cardiovascular tissues, a 
and b. Hearts (a) and aortas {b) from NlS-Ptch-tacZ. Vehicle-treated mice 
exhibit a basal level of Ptch expression: administration of Shh result in a 
dose-dependent increase in Prcft expression in both hearts and aortas, cand 
d. Paraffin cross sections from vehicle-treated mice (c) or untreated {di mice 
show Ptch expression in endothelial cells (ECs). medial layer cells (MLCs) 
and adventitial cells (AGs), e and f, Treatment with Shh (e) increases Ptch 
expression in adventitial cells. Aortas from wild-^pe littermates treated with 
Shh show no Ptch expression (^and b). Magniricatton c, x200; d-f, x100. 



the percentage of auto-amputated limbs and foot/leg necrosis 
decreased to 25% at day 7 after surgery. 47% at day 14. 50% ai 
day 21. and 50% at day 28 (Fig. 2a). Complete limb salvage after 
21 and 28 days follow-up was obtained in half of the mice 
treated with Shh compared with less than 20% in the vehicle and 
rhVEGFies-treated groups. 

Laser power doppler imaging (LDPl) performed independently 
by two blinded operators demonstrated a progressive increase in 
the blood flow of ischemic hind limbs in Shh-treated mice, with 
significant differences seen at day 28 (P< 0.01) (Fig. 26). In con- 
trast, we observed no significant increase in hind-limb perfusion 
beyond 28 days of follow-up in control mice. At day 28 after 
surgery, the Doppler flow ratio was significantly increased in 
Shh-treated mice in comparison to the groups treated with 
rhVEGFjos or vehicle (P< 0.05) (Fig. 2d and data not shown). 

Likewise, capillary density at day 28 after surgery was signifi- 
cantly increased in Shh-treated versus rhVEGFies- and control- 
treated mice (P < 0.001 and P < 0.0001. respectively) (Fig. 2c. d 
and data not shown). Neovascularization induced by Shh was 
characterized not only by increased numbers of capillaries, but 
also by a substantial increase in vessel diameter (Fig. 2d^. 

Shh-induced angiogenesis has distinctive morphology 
To determine the basis of augmented neovascularization in re- 
sponse to Shh, we used the murine corneal angiogenesis model. 
We implanted pellets containing Shh and/or VEGF. or control in 
the corneas of 8-12-week-old C57BL/6J mice. Six days after im- 
plantation, both VEGF- and Shh-treated eyes exhibited growth of 
neovessels whereas none induced by control pellets (Fig. 3a. band 
c). Whole-mount fluorescent BSl lectin ( Bandeiraea simplicifolia 
lectin- 1. an endothelial cell marker) staining and GD31 immunos- 
taining of cross sections showed several striking differences in 
morphology between Shh-induced neovessels and those induced 
by VEGF. Consistent with the previous observations in the is- 
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Fig. 2 Shh increases limb salvage, blood flow and capillary density in 
the setting of ischemia, a. Limb salvage: at each time point, the percent- 
age of limb salvage is statistically significantly higher in Shh-treated 
group (■) compared with vehicle (•). P < 0.05. b. Blood flow: Is- 
chemic/normal leg perfusion ratio is extremely low in both groups im- 
mediately after surgery, but progressively increases over time in 
Shh-treated mice (■), achieving significant improvement by day 28. 
*, P< 0.01 . In contrast, no increase in hind-limb perfusion was seen over 



time in mice treated with vehicle (•). Ischemlc/normal leg perfusion 
ratio at day 28 is significantly higher in Shh-treated mice compared with 
vehicle (0.681 ±0.126 versus 0.344 ±0.119: P< 0.05). c. Capillary den- 
sity at day 28 after surgery Is significantly increased In mice treated with 
Shh compared with vehicle (P < 0.0001). d, Representative pictures of 
capillary density show that the number of vessels is increased in Shh- 
treated tissues. A higher magnification (x400) of Shh-treated skeletal 
muscle (middle) shows a substantial increase In vessel diameter. 
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Fig. 3 Shh-induced angiogenests has unusual morpho> 
logical characteristics. a-«, Neovascular growth is de- 
tectable in corneas implanted with pellets Cp') 
containing VEGF (a) and Shh {b). but not vehicle (c), 
d-h. Shh {d, g and h). VEGF (e) and Shh+VEGF (0 induce 
vessels with different morphology. Red arrowheads indi- 
cate the main iimbus artery, blue arrowheads indicate 
the main Iimbus vein, white arrowheads indicate ex- 
panded venous structures and the yellow arrowhead in- 
dicates an arteriovenous shunt, h shows branching 
vessels induced by Shh. i-k. 5-M.m cross sections of 
corneas treated with Shh (/), VEGF (/) or Shh+VEGF {k). 
immunostained for CD-31 (brown) show differences in 
vessel diameters induced by each treatment. /. Vessel 
length, circumferential extent of neovascularity and av- 
erage lumen diameter are significantly higher in Shh- 
treated corneas. When added to VEGF, Shh is able to 
increase average vascular lumen diameter (upper right); 
the large s.e.m. in Shh+VEGF- treated corneas reflects the 
presence of capillaries and large-diameter vessels. The 
number of vascular lumens per cross section Is higher In 
VEGF-Ueated group. P< 0.0001; P< 0.001. 
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chemic hind -limb model. Shh-induced neovasculature consisted 
of large, branching vessels that grew directly from the Iimbus ves- 
sels and often extended to and sunrounded the pellet at the apex 
of the new vessel growth (Fig. 36, d, h and i) . Many of these ves- 
sels exhibited dichotomous branching, creating a complex and 
well-organized vascular tree (Fig. 3/j). The average number of 
branching vessels in corneal neovascularization induced by Shh 




Shh 



VEGF 




was 7.3 ± 1.4 per field (data not shown). In contrast. VEGF implan- 
tation resulted in capillaries of lesser lumenal caliber that were 
uniformly distributed along the cornea (Fig. 3a, e and J). Shh-in- 
duced neovasculature also exhibited numerous large-diameter ves- 
sels that did not arise as branches of the Iimbus artery, but 
appeared to be venous structures that often formed arteriovenous 
shunts (Fig. 3d and 5). The average length of Shh-induced neoves- 
sels was significantly greater than that of vessels induced by VEGF 
(1.05 ±0.18 versus 0.67 ± 0.09 mm; P < 0.0001) (Fig. 3/). The cir- 
cumferential extent of Shh-induced neovasculature was also in- 
creased compared with VEGF (1 90 ± 3.9 versus 1 1 6 ± 9.6 degrees; 
? < 0.0001) (Fig. 3/). Histological evaluation demonstrated in- 
creased lumenal diameters in Shh-induced versus VEGF-induced 
neovessels (32.62 ± 5.82 versus 7.25 ± 0.7 jim; P< 0.0001) (Fig. 3/. 7 
and I). In both the Shh and VEGF groups, the number of perien- 
dothelial cells was limited with no significant difference (3.52 ± 
1.66 versus 4.88 ± 1.75 smooth muscle cells per cross section, re- 
spectively; P= NS) (data not shown). In addition, the combination 
of Shh and VEGF showed lengthened, large-diameter neovessels 
like those seen with Shh alone, but also exhibited characteristics of 
VEGF-induced vasculature, that is, a dense area of fine vessels close 
to the implanted pellet (Fig. 3/ and k). Thus, Shh and VEGF to- 
gether appeared to produce an intermediate phenotype contain- 
ing a variety of neovascular lengths and diameters (Fig. Zf, k and Ij . 

Ptc1 mediates Shh-induced angiogenesis in fibroblasts 

To determine the identity nfxRlls riirfictly activated-by-Shtuiur=:i 
ing corneal angiogenesis. we implanted pellets containing Shh 



Fig. 4 Shh acts upon stromal cells and induces VEGF production, a-d, 
Maaoscopic photographs of corneal neovascularization induced by pellets 
Cp') containing Shh {a) and VEGF (c) and correspondent p-gal staining for 
Ptc1 In Shh-treated (b) and VEGF-treated (d) corneas, p-gal-positive stain- 
ing is detectable in correspondence of Shh-induced angiogenesis (arrow- 
heads In b), but not of VEGF-induced angiogenesis (d). e-i, Cross sections of 
Shh-treated corneas, prepared as in b, immunostained for CD-31 (e). vt- 
mentin (I) or VEGF at magnifications of x20 {g), x100 {h) and x400 (/). VEGF 
staining Is localized only in the neovascular area {g), around the neovessels 
(/7and 0- Ceils with p-gah-positive nuclei have VEGF-positive cytoplasm (red 
arrowheads in 1). 
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or VEGF into the cornea of NLS-Ptcft-iacZ mice. After collecting 
them, we stained corneas for p-gal to detect Ptcl expression. 
Strong p-gal staining was detected around the neovascular foci of 
NLS-Ptch'lacZ eyes treated with Shh. indicating that Shh acti- 
vates the Hh pathway during neovascularization (Fig. 4a and b). 
In contrast, VEGF-treated corneas were p-gal-negatlve, indicat- 
ing that VEGF does not induce expression of Ptcl (Fig. 4c and d). 
Histological analysis showed that p-gal-positlve cells were not 
endothelial cells (CDS 1 -negative) or periendothelial cells (a- 
smooth-muscle-actin-negative. data not shown), but were con- 
sistent with interstitial fibroblasts (vimentin-positive) 
surrounding the neovessels (Fig. 4e and f). The p-gal-positive 
cells as well as their surrounding matrix were also immunoposi- 
tive for VEGF. Indicating that Shh might stimulate— either di- 
rectly or indirectly— VEGF expression within the neovascular 
foci (Fig. 4g, hand /)• 

Shh upregulates Ptch and induces VEGF and Ang-1 and -2 
We tested the possibility that Shh might induce fibroblasts to 
produce angiogenic cytokines by treating fibroblasts in culture 
with Shh protein and evaluating the induction of Ptch. VEGF 
and other angiogenic cytokines. Quantitative reverse transcrip- 
tase (RT)-PCR showed that a number of primary fibroblasts and 
fibroblast cell lines responded to Shh stimulation by upregulat- 
ing Ptch (Fig. 5a and data not shown). Comparison of Ptch ex- 
pression in Shh-treated and vehicle-treated fibroblasts at various 
time points showed that Ptch was induced within 6-12 hours 
after addition of Shh to the medium, and continued to increase 
up to 72 hours. In contrast, the absence of Ptch upregulation by 
endothelial cells in the corneal neovessels was mirrored in vitro 
-by -t4ie-inabill1y-49f~humaii-umbiUcaI—vein-eiidothelial -cells- 
(HUVECs) or microvascular endothelial cells to respond to Shh 
by Ptch upregulation, proliferation, migration or serum-free sur- 
vival (data not shown). 

In addition to upregulating Ptch, Shh stimulated cultured fi- 
broblasts to increase expression of angiogenic growth factors, in- 
cluding all three isoforms of VEGF- 1 and both Ang-1 and Ang-2 
(Fig. 5 b). Upregulation of mRNA encoding VEGF,2i, VEGF,65 and 
VEGF,89 was first detected at 12 hours and continued to increase 
up to 48 hours in Shh-stimulated compared with vehicle-stimu- 
lated cells at each time point. This increase in VEGF-1 mRNA 
correlated with a significant increase in VEGF,8s protein (Fig. 5c). 
Finally, Shh treatment also upregulated Ang-1 and Ang-2 mRNA 
(Fig. 56). In contrast, expression of bFGF was decreased after Shh 



Fig. 5 Shh upregulates Ptch, VEGF and angiopoietins in human fibrob- 
lasts, a and b, Quantitative RT-PCR for Ptch (a) and angiogenic cytokines (b) 
shows that fibroblasts respond to Shh by upregulating Ptcl, all 3 isoforms 
of VEGF-1, Ang-1 and -2, while bFGF is downregulated. e, Conditioned 
media from Shh-stimulated compared with vehicle-stimulated human lung 
fibroblasts shows a -2-fold increase in VEGF,6s (mean ± s.e.m.) detected by 
ELISA between 48 and 72 h in this representative experiment. 



treatment (Fig. 56). These results demonstrate that Shh induces a 
specific subset of angiogenic growth factors including the VEGF- 
1 isoforms as well as Ang-1 and Ang-2. 

Discussion 

Our results clearly show that Shh has angiogenic activity. Shh 
induces robust neovascularization in the setting of ischemia 
and may have important therapeutic utility in the treatment of 
ischemic disorders. Neovascularization induced by Shh appears 
to be mediated by stromal cells producing a combination of po- 
tent angiogenic factors, including VEGF, Ang-1 and Ang-2. In 
vitro, most fibroblasts cell lines respond to Shh by Ptch upregu- 
lation (Fig. 5a and data not shown). However, repeated at- 
tempts to activate HUVECs. aortic and microvascular 
endothelial cells by Shh treatment were unsuccessful. These 
cells show no proliferation, serum-free survival, migration or 
upregulation of Ptcl in response to Shh proteins (data not 
shown). Ptcl was not upregulated on endothelial cells in Shh- 
treated corneas or in endothelial cells of aortas from Shh- 
treated mice. Despite this, endothelial cells do express Ptcl in 
vitro and in vivo and the possibility that Shh affects endothelial 
cells cannot therefore be completely excluded. 

Our data instead indicate that neovascularization induced by 
Shh might be triggered through Shh/Ptcl signaling specifically 
in mesenchymal cells. Fibroblasts are a well-known source of 
VEGF during development, tumor growth, hypoxia and inflam- 
mation*'"*^. Our data raise the possibility that VEGF production 
from fibroblasts might be mediated by the Hh pathway. Similar 
indirect mechanisms of inducing angiogenesis have been 
demonstrated for PDGF (platelet-derived growth factor) BB and 
TGF (tumor growth factor) pi , both of which promote angio- 
genesis via upregulation of VEGF and basic fibroblast growth 
factor (bFGF)". Given this precedent, we propose that Shh acts 
upon interstitial mesenchymal cells (such as fibroblasts in the 
cornea) to induce an array of angiogenic growth factors, in- 
cluding three isoforms of VEGF-1 as well as Ang-1 and Ang-2. 
The ability to upregulate these angiogenic cytoltines in concert 
appears thus far unique to Shh. There are no previous reports of 
Ang-1 expression being regulated by other cytokines, mor- 
phogens. growth factors or Ischemia. 
— -Here-weshow-that-the-angiQgenic4:esponse to-Shh is charac= — 
terized by long, tortuous vessels with large diameters. It has 
been shown that vessels with increased length, diameter and 
branching are induced when Ang-1 acts synergistically with 
VEGF (ref. 36). We show here that Shh upregulates both VEGF 
and Ang-1; however. Shh induces an even more complex vas- 
cular system. When Shh is used, the quantitative and qualita- 
tive features of the vessels are more pronounced and they are 
also associated with vascular tortuosity. The basis for this re- 
mains to be elucidated, but it is possible that exogenous ad- 
ministration of VEGF and Ang-1 together might not be 
comparable to localized activation of these growth factors In 
stromal cells by Shh. Localized overexpression of VEGF and 
Ang-1 in the skin of transgenic mice, for example, produces 
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Similar large-diameter, long and distinctly branching vessels". 
Moreover, the sequence and magnitude of upregulation of 
these cytokines by Shh in vivo is unknov/n. Shh also upregu- 
lates Ang-2 and all three isoforms of VEGF-1, In colon cancer, 
compared with tumors expressing only one or two VEGF-1 iso- 
forms. the coordinated expression of three VEGF-1 isoforms 
correlates with more aggressive tumors, as shown by vein inva- 
sion and metastasis leading to a poor prognosis'". The particu- 
lar combination of angiogenic growth factors induced by Shh 
might thus contribute to the robust and distinct character of its 
neovascularization. 

VEGF has been implicated in the earliest stage of vasculogen- 
esis. during endothelial-cell differentiation and plexus forma- 
tion, but also in postnatal angiogenesis through its ability to 
induce endothelial-cell migration and proliferation**. Ang-l is 
required for both embryonic remodeling of the vascular plexus 
and postnatal vessel remodeUng involving sprouting, branch- 
ing or vessel maturation^^. In vivo studies reveal that Ang-l acts 
in a complementary and coordinated fashion with VEGF, me- 
diating interactions between endothelial cells and surrounding 
support cells^^. Ang-2 acts as a natural antagonist of Ang-l (ref. 
40). Whereas Ang-l is expressed widely in normal adult tissues, 
Ang-2, in its role in continuous vascular stabilization, is highly 
expressed only at sites of vascular remodeling in order to allow 
the vessels to revert to a more plastic and unstable state^°. Ang- 
2 is expressed along with VEGF in tumor vasculature and the 
two together might function as an angiogenic signal at the 
growing periphery of tumors*". Our study indicates that Shh 
upregulates both Ang-l and Ang-2. The significance and rele- 
vance of this concomitant activation is unclear. We suggest 
that in the case of Shh-induced angiogenesis, VEGF might ini- 
tiate the angiogenic response and angiopoietins could subse- 
quently antagonize each other in a complex process of 
recruitment, stabilization and remodeling of neovasculature. 

Shh-induced vessels tend to bifurcate into two branches that 
eventually split again. Previous reports show that tracheal 
splitting and branching during lung organogenesis are regu- 
lated by the Hh/Ptcl/Gli pathway through a number of effects 
including FGF inhibition^. We observed evidence of bFGF 
dowregulation in fibroblasts treated with Shh, and that the 
Shh-induced vessels are highly branched. The vascular network 
induced by Shh is also characterized by several venous struc- 
tures with arterovenous shunts. This vasculature is functional, 
as demonstrated by the increase in perfusion and consequent 
rate of limb salvage in aged mice with limb ischemia. These ex- 
periments indicate that Shh might have therapeutic uses in 
promoting angiogenesis in the ischemic disorders. 

The signaling pathway by which Hh upregulates these angio- 
-genic growth-factors remains to-be -determined^tc/]-and-many. - 
other Hh-induclble genes are regulated by the Hh pathway 
transcriptional factor Gli. However, no Gli response elements 
are present in the VEGF or Ang-l promoter regions. Hh can, 
however, also induce a Gli-independent pathway that activates 
the orphan nuclear receptor. COUPTFII (ref. 41). Interestingly, 
COUPTFlI-deficient embryos are defective in maturation of the 
primary vascular plexus and exhibit decreased Ang-l expres- 
sion^^ Thus it is possible that Hh induces at least Ang-l via 
COUPTFII activation in mesenchymal cells. 

The development of functional vasculature requires precise 
spatial-temporal regulation bf cell proliferation, migration, in- 
teraction and differentiation. The role of Shh as a morphogen 
might be relevant to its potential activity to orchestrate appro- 
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priate spatial-temporal production of angiogenic growth fac- 
tors during embryonic and postnatal angiogenesis. which in 
addition must be coordinated with muscle, bone and nerve de- 
velopment. This report thus establishes novel biological and 
potentially therapeutic activities for Shh. The discovery of an- 
giogenic activity for Shh. combined with its known mor- 
phogenic functions in development, indicates that Shh might 
coordinate epithelial/stromal interactions with the ingrowth of 
vasculature during development. Given that Shh can promote 
limb salvage in aged mice through the enhancement of blood 
flow and capillary density and induction of large caliber vessel 
formation, we suggest that Shh merits investigation as proan- 
giogenic therapy for ischemic disorders. 

Methods 

Mice. Male 05781/61 mice (Jackson Labs, Bar Harbor. Maine), heterozy- 
gous male or female HlS-Ptch-lacZ mice or their wild-type llttermates 
(Ontogeny, Cambridge, Massachusetts) were used. All experiments were 
conducted in accordance with St. Elizabeth's or Biogen Institutional 
Animal Care and Use Committee. 

Systemic treatment with Shh. Postnatal day 6 t^lS- Ptch-lacZ mice were 
treated with dally subcutaneous injections of 10-20 \il of polyethylene 
glycol 20.a00-conjugated C24II/A192C Shh N-terminal protein or vehi- 
cle'^ Hearts and aortas were collected at postnatal day 9 and stained for 
p-gal expression. 

Ischemic hind-limb model. Unilateral hind-limb ischemia was created in 
2-year-old C57BL/6J mlce^V Eighty mice were operated and treated with 
intramuscular injections of 1 mg/kg Shh-mlgGI fusion protein, vehicle or 
ICQ jig/kg of rhVEGFies (Chemicon. Temecula. California). Injections were 
once every other day during the first week, once every 3 days during the 
second week, and twice during the third and fourth weeks. At predeter- 
mined time points, necrosis and hind-limb perfusion were examined by 
two blinded ope^ators*^ Mice were then killed for histological analysis. 
Hind limbs were fixed in 100% methanol and cut in paraffin sections. 
Capillaries were counted by two blinded observers^V Shh-mlgGI has in- 
creased half-life and activity in vivo (Shapiro etal., manuscript in prepara- 
tion). It contains residues Cys24-Gly197 of the human Shh coding 
sequence with two mutalions: Cy$24llelle and KRRH(32-35)QRRP. with a 
16-fold increased activity in vitro compared with unmodified mature 
human Shh protein produced E. Co// (Taylor etal., manuscript in prepara- 
tion). The Fc region of mouse IgGI was fused directly downstream of 
Gly127. The glycosylation site was destroyed with a Gin to Asn mutation. 
Protein was expressed in Pichia pastoris GS115 (Invitrogen, Carlsbad, 
California) using a pP ICS-derived vector and the a-mating-factor secre- 
tion signal The protein was purified and sequenced as described ^'^^V 

Cornea neovascularization assay. Pellets containing one of the follow- 
ing were implanted in C57BL76J mice": 1.5 \ig myristoylated-Shh protein 
(Myr-Shh), 0.3 jig VEGF (R&D Systems. Minneapolis. Minnesota). 1.5 ^g 
Myr-Shh + 0.3 jig VEGF. or vehicle. In NLS-Prcrt-/acZ mice pellets con- 
tained Myr-Shh 1 .5 ug/peilet. VEGF 0.3 uq/pel l et or vehicle. M yr-Shh was 
prepared by chemical myristoylation (Taylor era/., manuscript in prepara- 
tion) of the a-amino group of Cys24 (of f. Co//-produced mature human 
Shh protein) followed by repurification and sequencing"*-**. Myr-Shh ex- 
hibited 160-foid increased activity in Wtro compared with mature human 
Shh protein (Cys24-Gly197). 

Histology. Tissues from UlS-Ptch-tacZ mice were fixed In 0.2% gluter- 
aldehyde. washed, stained overnight at 37 *C in 1 mg/mL X-gal, 5 mM 
potassium ferricyantde. 5 mM potassium ferrocyanide. 2 mM MgCI,. 
0.01% sodium deoxycholate. 0.02% Nonldet P-40, 50 mM Na^HPO^ 
pH8. and visualized as whole mounts or paraffin sections. For immunohis- 
tochemlstry. eyes were fixed in 100% methanol or in 1% paraformalde- 
hyde. Corneal hemispheres were cut into paraffin or frozen sections. 
Endothelial cells were Identified using rat monoclonal antibody against 
mouse CD31 (Pharmingen, San Diego. California) and a biotlnylated goat 
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immunoglobulin against rat. For periendothellal cells« a mouse mono- 
clonal antibody against smooth muscle a-actln conjugated with alkaline- 
phosphatase (Sigma,) was used. For VEGF, a rabbit polyclonal antibody 
against VEGF (Santa Cruz Biotechnology, Santa Cruz, California) and a bi- 
otinylated goat immunoglobulin antibody against rabbit (Signet Labs, 
Dedham, Massachusetts) were used. Staining for vimentin was done with 
goat serum against vimentin (Sigma) compared with normal goat serum 
(Sigma) using horseradish peroxidase-conjugated donkey secondary anti- 
body against goat (Jackson Immunoresearch. West Grove. Pennsylvania). 
For fluorescence microscopy, mice received an intravenous bolus of 500 
\ig of FITC-conjugated BS-1 lectin (Vector. Burlingame, California) 30 min 
before death. Eyes were fixed in 1 % paraformaldehyde, and the dissected 
corneas were placed on glass slides. 

Competitive RT-PCR. RNA was extracted from CCD37 human lung fi- 
broblasts (ATCC) stimulated in vitro with fVlyrShh or vehicle. cDNA was 
obtained and amplified using the Superscript preamplification system 
(GIbco-BRL, Paisley, UK). Signals were normalized to 18S rRNA using opti- 
mal 18S primer/Competimer ratios as determined for each target gene 
following the manufacturer's recommendations (Ambion, Austin. Texas) 
or to GAPDH, using GAPDH control reagents and Taqman analysis (PE 
Applied Biosystems, Foster City, California). The following primer pairs 
and PCR conditions were used, Ptcl: 5'^TCAGGATGCATTTGACAGT- 
GACTGG-3' and 5'- ACTCCGAGTCGGAGGAATCAGACCC-3' with 25 cy- 
cles of 94 'C (30 s). 55 'C (1 min) and 72 'C (1 min). VEGF: 
5'-CGAAGTGGTGAAGTTCATGGATG-3' and 5'-TTCTGTATCAGTCTTTC- 
CTGGTGAG-3' with 30 cycles of 94 'C (30 s), 62 X (1 min) and 72 "C (1 
min). bFGF: 5'.TACAACTTCAAGCAGAAGAG-3' and S'-CAGCTCTTAGCA- 
GACATTGG-3' with 25 cycles of 94 "C (30 s). 62 'C (1 min). and 72 'C (1 
min). Ang-1: 5'-CAACACAAACGCTCTGCAGAGAGA-3' and 5'- 
CTCCAGTTGCTGCTTCTGAAGGAC-3' with 25 cycles of 94 X (30 s) and 
64 -C (90 s). Ang.2: 5'-AGCGACGTGAGGATGGCAGCGTT.3' and 5'- 
ATTTCCTGGTTGGCTGATGCTGCTT-3' with 32 cycles of 94 'C (30 s) and 
64 'C (90 s). 

ELISA. VEGF,«5 in conditioned media from MyrShh-stimulated cells were com- 
pared with vehicle-stimulated cells. VEGFigs was measured per manufacturer's 
instructions using the Quantlkine human VEGF-ELISA kit (R&D Systems, 
Minneapolis, Minnesota). All experiments were performed in triplicate. 

Statistical analysis. All results are expressed as mean ± s.e.m. Differences 
were analyzed by AN OVA or x-square test and considered statistically sig- 
nificant at P< 0.05. 
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Hedgehog Signaling Regulation of Insulin 
Production By Pancreatic p-Cells 

Melissa K. Thomas, Naina Rastalsky, Jee H. Lee, and Joe! F. Habener 



Hedgehogs (Hhs) are interceUular signaUng molecules 
that regulate tissue patterning in mammalian develop- 
ment. Mammalian Hhs include Sonic hedgehog (Shh), 
Indian hedgehog (Ihh), and Desert hedgehog (Dhh). The 
absence of Shh expression is required for the early 
development of Ihe endocrine and exocrine pancreas, 
but whether Hh signaling functions in the fiilly devel- 
oped adult endocrine pancreas is unknown. Here we 
report that Hhs Ihh and Dhh and their receptors 
patched (Ptc) and smoothened are expressed in the 
endocrine islets of Langerhans of the tuUy developed rat 
pancreas and in the clonal P-ceU line INS-1. We demon- 
strate the coexpression of Ptc with insulin in p-ceUs of 
mouse pancreatic islets, indicating that p-cells are tar- 
gets of active Hh signaling. The administration of 
cyclopamine, a Hh signaling inhibitor, decreases both 
insulin secretion from and insulin content of INS-1 
ceUs. The effects of Hh signaling on insulin production 
occur at the transcriptional level because activation of 
Hh signal transduction by ectopic expression of Shh 
increases rat insulin I promoter activation in a dose- 
dependent manner in transient trcoisfections of INS-1 
and MING P-cell lines. In contrast, inhibition of Hh sig- 
naling with increasing concentrations of cyclopamine 
progressively reduces insulin promoter activity. Fur- 
thermore, the treatment of INS-1 cells with cyclopamine 
diminishes endogenous insulin mRNA expression. We 
propose that Hh signaling is not restricted to patterning 
in early pancreas development but also continues to 
signal in differentiated p-cells of the endocrine pan- 
creas in regulating insulin production. Thus, defective 
Hh signaling in the pancreas should be considered as a 
potential factor in the pathogenesis of type 2 diabetes. 
Diabetes 49:2039-2047, 2000 
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he intercellular signaling molecules known as 
hedgehogs (Hhs) are critical regulators of devei- 
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DrosophiUi (4-8). Multiple vertebrate Hhs have been identi- 
fied, including Sonic hedgehog (Shh), Indian hedgehog (Ihh), 
and Desert hedgehog (Dhh) (9). Shh mediates patterning of 
limbs, specification of cell types in the central nervous sys- 
tem, and organ development (10-12) and is implicated in the 
development of left-right asymmetn^ (13-16), Ihh regulates 
proliferation and differentiation of chondrocytes in skeletal 
morphogenesis and participates in the development of mam- 
mary glands (17-19). Dhh signaling is important for testicu- 
lar Sertoli cell function and for the fonnation of peripheral 
nerve sheaths (20,21). 

Vertebrate Hhs are processed in a manner analogous to 
their DrosophUa homologue, Hh, internally cleaved by an 
autocatalytic process to produce NHg- and COOH-terminal Hh 
products (22). Cholesterol is covalentiy attached to the NHj- 
terminal domain of Hhs via cholesterol transferase activity 
located in the COOH-tenninal domain (22), and this modifi- 
cation may regulate Hh sequestration and movement through 
cells (23-25). The secreted NHg-terminal Hh fragments bind 
directiy to the receptor patched (Ptc) (26). The binding of Hhs 
to Ptc results in release of the membrane-bound protein 
smoothened (Smo) from tonic inhibition. Activation of Smo 
leads to transcriptional activation of target genes, in some 
instances due to activation of transcription factors in the Gli 
(derived from glioblastoma)/Cubitus interruptus (Ci) family 
of zinc finger DNA-binding proteins (27,28). The vertebrate Hh 
proteins Shh, Ihh, and Dhh interact with the identical Ptc and 
Smo receptor signaling systems, demonstrate similar bio- 
logic properties, and use the same Hh signal transduction 
pathway to activate target gene transcription (21,27,29,30). 

Theptc gene is the best characterized transcriptional tar- 
get of Hh signaling. The induction of the ptc gene by Hh sig- 
naling likely is mediated by Gli/Ci transcription factors that 
have binding sites within the Ptc promoter (31). Localized 
higher levels of Ptc expression indicate the presence of a 
transcriptionally active Hh signaling pathway in flies and 
mice (30,32,33), 
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During the early development of the pancreas in higher ver- 
tebrates; Shh is differentially expressed in the foregut At 
embiyonic day 10.5 in the mouse, the dorsal and ventral pan- 
creatic endoderm from which the pancreas buds do not 
express Shh or Ihh, in contrast to the lateral gut endoderm in 
which Hhs are expressed Ptc is expressed in the gastroin- 
testinal mesoderm but not in the pancreatic mesenchyme 
(34). These patterns of Hh expression suggest that the 
absence of Shh expression permits mesodermal differentiation 
and pancreas development Signals from the notochord permit 
the development of the dorsal pancreas in chick embryo pan- 
creas expliants (35). Repression of endodermal Shh expression 
in this system induces the expression of insulin and other 
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HEDGEHOGS REGULATE INSULIN PRODUCTION 



pancreas-specific genes (36). Local exposure of the foregut of 
embiyonic chicks to cyclopamine, an inhibitor of Hh signaling 
(37), promotes heterotopic ej^ression of cells producing the 
endocrine and exocrine pancreas proteins, insulin and car- 
boxypeptidase A, respectively (38). Mises^ression of Shh in the 
developing pancreatic endoderm in transgenic mice results in 
a dysmorphogenic pancreas surrounded by smooth muscle 
cells; endocrine pancreatic cells expressing the hormones 
insulin (p-cells) and glucagon (a-cells) develop, but the archi- 
tecture of the endocrine pancreas consisting of the islets of 
Langerhans is markedly dsoiganized (34). 

Although studies of early pancreas development suggest 
that the absence of Hh signaling is required, we asked 
whether Hh signaling may function in a different context in 
the fully developed endocrine pancreas. We find that Hhs 
and their receptors are expressed in pancreatic islets of the 
adult animal and that Hh signaling stimulates insulin gene 
expression in differentiated pancreatic |3-cells. These findings 
raise the possibility that defective Hh signaling in the 
endocrine pancreas may contribute to the pathogenesis of 
type 2 diabetes. 

RESEARCH DESIGN AND METHODS 

Plasmid constrnction. The ftilMength cDNA for mouse Shh was provided by 
A. McMahon. The pShh plasmid was constructed by subdoiUng mouse Shh 
cDNA into a pED expresaon vector (39) obtained from C.R Miller (Genetics 
Institute, Cambridge, MA). The plasmid -4101NS-LUC consists of a fragment 
of the rat insulin I gene promoter tliat spans nucleotides -410 to 49 inserted 
into the pXP2 vector that Includes firefly luciferase reporter sequences (40). 
CeU culture. INS-1 cells, provided by C. WoUheim (41), were cultured in 11.1- 
mmol/1 glucose in RPMI 1640 medium supplemented with 10% fetal bovine 
serum, 10 mmol/1 HEPES buffer, 1 mmol/1 sodium pyruvate, 100 U/ml penicillin 
G sodium, 100 pg/ml streptomycin sulfate, 0.26 pg/ml amphotericin B (Gibco 
Life Technologies, Gaithersbui^, MD), and 71.5 pmol/1 ^-mercaptoethanoI 
(Sigma, St Louis, MO). MIN6 cells, provided by J. Miyazaki, were cultured in 
26 mmol/1 glucose as described (42). Cyclopamine (provided by W. GafTield, 
U.S. Department of Agriculture) was prepared as a stock solution of 
10 mmol/1 in 95% ethanol and diluted in culture medium to the final concen- 
tration indicated. Cells were treated as specified with cyclopamine solutions 
or ethanol carrier (control) solutions. 

Immunohistochemistry. For dual fluorescence immunocytochemistry, lNS-1 
cells were grown in slide culture chambers (Nunc, Naperville, XL). Mouse 
pancreas was embedded and frozen on dry ice in Tlssue-Tek CC.T. com- 
pound (Sakura Pinetek, Torrance, CA). Tissue sections (7 pm) or cells were 
fixed for 5 min at 25*C in 4% paraformaldehyde in phosphate-buffered saline 
(PBS), washed with PBS, and blocked with 1% donkey serum followed by an 
overnight incubation at 4''C with the indicated primary antisera. Specimens 
were rinsed in PBS and incubated for 1 h with secondaiy antisera as indicated 
and mounted with mounting medium (Kirekegaard and Perry Laboratories, 
Gaithersburg, MD). P*rimary antisera included goat polyclonal IgG anti-Ihh 
COOH-terminus Ilhh (C-15)], goat polyclonal IgG anti-Dhh COOH-terminus 
IDhh (M-20)], goat polyclonal IgG anti-Ptc (Patched (G-19)l, goat polyclonal 
IgG anti-Smo [Smo (N<19)] (each at a 1:500 dilution; Santa Cruz Biotechnol- 
ogy, Santa Cruz, CA), and guinea pig polyclonal anti-insulin (1:300 dilution; 
.Unco ■Research, St Charles, MO). Preadsniptinn of gnat pnlyclnnal IgG anti- 
Ihh COOH-terminus antiserum [Ihh (C>15)] with blocking peptide was con- 
ducted according to the manufacturer's instructions (Santa Cruz Biotechnol- 
ogy). Donkey anti-goat IgG Cy3 (1:1,500 dilution) and donkey anti-guinea pig 
IgG Cy2 (1:500 dilution) (Jackson Immuno Research Laboratories, West 
Grove, PA) were used as secondary antisera. As a negative control, mouse pan- 
creas sections were also prepared with guinea pig polyclonal anti-insulin 
antisera without primaiy goat polyclonal IgG, followed by incubation with don- 
key anti-goat IgG Cy3 and donkey anti-guinea pig IgG Cy2. No pancreatic islet 
Cy3 inununofluorescence was observed under these conditions. A Nikon Epi- 
fluorescence microscope equipped with an Optronics TEC-470 camera 
(Optronics E^nglneering, Goleta, CA) was used to capture images and interfiaced 
with a Power Macintosh 7100 computer. Image processing and analyses were 
performed with IP Lab Spectnmi (Signal Analytics, Vieima, VA) and Adobe Pho- 
toshop (Adobe Systems, San Jose, CA) software. 

thnuisfectioiis. INS-1 cells were transfected with 6-6 pg total DNA and 10 pi 
Upofectamine according to the manufacturer's instructions (Gibco). Cells 



were harvested 24 h after transfection with Ix Reporter lysis buffer 
(Promega, Madison, WI). In selected studies, -90 min before transfection, cells 
were pretreated with 0, 1, 10, or 20 pmol/1 cyclopamine In 0.19% ethanol in 
serum-free medium; at the time of transfection, 0, 1, 10, or 20 pmol/1 
cyclopamine in 0. 19% ethanol was added to the final transfection cocktail; and 
after 5 h of incubation with the transfection cocktail, cells were incubated in 
fresh INS-1 culture medium with 0, 1, 10, or 20 pmol/1 cyclopamine in 0.19% 
ethanol for an additional 24 h before harvest Luciferase assays were conducted 
in duplicate with the Luciferase Assay System, as outlined by the manufacturer 
(Promega). Luciferase activities were normalized to protein concentrations of 
the extracts as determined by the Bio-Rad Protein Assay (Bio-Rad, Hercules, 
CA). Fold-activation was determined by normalizing the luciferase units per 
microgram protein at each point within a transfection to the activity of the pED 
empty vector that was designated as 100%. Data are presented as means ± SE, 
with P values calculated by Student's ( tests (Microsoft Excel Software; 
Microsoft, Redmond, WA). 

Reverse transcriptase-polymerase chain reactions. Total RNA was iso- 
lated from cells and islets with IVi-Reagent (Sigma) using a modified guani- 
dine thiocyanate and phenol extraction method outlined in the manufac- 
turer's protocol. For preparation of cDNA, total cellular RNA was preincubated 
with 50 ng/pl oligo(dT)12-18 (Gibco) at 70''C for 10 min and immediately 
chilled on ice. The addition of 0.5 U/^ RNase Inhibitor (Qoned), I x fiist-strand 
buffer, O.OI mol/1 dithiothreitol, 1 mmol/1 dATP, 1 mmol/1 dTTP, 1 mmol/1 
dCTP, and 1 mmol/1 dGTP (Gibco) to the reaction was followed by a 2-min incu- 
bation at 42''C. The final reaction was conducted with the addition of (reverse 
transcriptase [RT]*) Moloney murine leukemia virus RT (Superscript 11 RT, 
Gibco) or (RT) RNase-free water with a 1-h incubation at 42'C followed by 
a 15-min incubation at 70*'C. 

For polymerase chain reaction (PGR) amplification, the following primers 
were used: for a 266-nucleotide fragment of Ptc cDNA spanning nucleotides 
390-656 of mouse Ptc (GenBank acc. no. U46155), sense primer 5'-TCAGAA 
GATAGGAGAAGA-3' and antisense primer 5 '-TCCAAAGGTGTAATGATTA-3' 
were used; for a 372-nucleotide fragment of Smo cDNA spaimlng nucleotides 
386-768 of rat Smo (GenBank acc. no, U84402), sense primer 5'-TGCTGTGT 
GCTGTCTACAT-3' and antisense primer 5'-AGGGTGAAGAGTGTACAGA-3' 
were used; for a 387-nucleotide fragment of Ihh cDNA spanning nucleotides 
22-^09 of rat Ihh (GenBank acc. no. AF162914), sense primer 6'-AGGACCGT 
CTGAACrrCAC^' and antisense primer 6'-TTGCCATClTCCCCCATG^' were 
used; and for a 331-nucIeotide firagment of Dhh spanning nucleotides 47-378 
of rat Dhh (GenBank acc. no. AF148226), sense primer 5'-GTTACGTGCG 
CAAGCA^' and antisense primer 5'-GCCTrCGTAGTGCAGT-3' were used. 
PGR amplifications were conducted with a PerkinElmer 9600 Theimocycler 
with 1^ polymerase (TaKaRa, Takara Shuzo, Otsu, Japan). 
Southern blots. PGR products were subjected to agarose gel electrophoresis 
and stained with ethidium bromide for visualization before transfer to nylon 
membranes (Magnacharge; Micron Separations, Westboro, MA). Membranes 
were probed with [^P]-radiolabeled oligonucleotides as follows: nucleotides 
529-564 of mouse Ptc cDNA (GenBank acc. no. U46155) with the sequence 5'- 
TACATGTATAACAGGCAATGGAAGrrGGAACATTTG-3', nucleoUdes 621-644 
of rat Smo cDNA (GenBank acc. no. 1184402) with the sequence 6'-CAAGAG 
CTGGTACGAGGACGTGGA-3', nucleoUdes 338-^64 of rat Ihh cDNA (Gen- 
Bank acc. no. AF162914) with the sequence 5'-AACTGGGGAGGGTGTGGCC 
CTGTCAGC^', and nucleotides 96-117 of rat Dhh cDNA (GenBank acc. no. 
AF148226) with the sequence 5'-TAGTATGCCCGAGCGGACCCTT-3'. 
Insulin assays. Insulin levels were measiued with a Rat Insulin RIA Kit 
(Unco Research) using the protocol outlined by the manufacturer. To deter- 
mine insulin secretion rates, fresh culture medium, to which cyclopamine in 
0.19% ethanol or 0. 19% ethanol carrier was added as indicated, was applied to 
culture d INS-1 ce Us. After 24 h of incubation,_6Q0.pLaHquots,Qf^ulture- 
medium were removed and serially diluted for the assay. Culture medium that 
was not exposed to cells was tested as a negative control for the assay. In some 
experiments, transfected cells were assessed for insulin secretion rates. In 
these experiments, after preincubation with cyclopamine in 0.19% ethanol or 
0.19% ethanol carrier, Upofectamine, and DNA, the transfected cells received 
fresh culture medium with cyclopamine in 0. 19% ethanol or 0. 19% ethanol car- 
rier, and 24-h insulin secretion rates were assessed 

To determine cellular insulin content, INS-1 cells were incubated for 24 h 
with fresh culture medium and cyclopamine in 0. 19% ethanol or 0. 19% ethanol 
carrier, as indicated. Cells were then rinsed in PBS and lysed in 0. 1 N HCl in 
100% ethanol at 4**C. The lysate was incubated overnight at -70''C. The thawed 
lysate was vortexed and subjected to brief centrifugation at 14,000 rpm The 
resulting supernatant was dried under vacuum, resuspended in 200 ml assay 
buffer, and serially diluted for insulin measurements with a rat insulin 
radioimmunoassay kit Data are presented as means ± SE with P values cal- 
culated by Student's t tests. 
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Northern RNA blots. INS-1 cells were incubated with 20 pmol/1 eyclopamine 
in 0.1996 ethanol or 0.1996 ethanol carrier for the times indicated. Total RNA 
was isolated ftom cells washed In PBS and lysed with Th*Reagent (Sigma) 
according to the nianu£acturer*s protocol. For each sample^ 4 ^g total RNA was 
separated by electrophoresis on a denaturing gel consisting of Ix MOPS, 
1.2% agarose, and 196 formaldehyde. Ethidium bromide staining was used to 
visualize 28S and 18S RNA Samples were transferred from gels using standard 
methods (43) to nylon membranes (Hybond-N-*-; Amersham Pharmacia 
Biotech, Piscataway, NJ) and cross-linked with ultraviolet light (UV 
Stratalinker 1800; Stratagene, La JoUa, CA). The membranes were prehy- 
bridized in Rapid-Hyb Buffer (Amersham Pharmacia Biotech) before 
hybridization for 4 h at CS^C with radiolabeled probes. Insulin transcripts 
were probed with a 231 -nucleotide fragment (spanning nucleotides 349-580 
of the rat insulin I gene; GenBank acc no. V01242) of rat insulin I cDNA. Actin 
transcripts were probed with a 630-nucleotide cDNA fragment of rat ^-actin 
cDNA (beginning with nucleotide 262 and ending with nucleotide 2371 
derived from the rat ^-actin gene; GenBank acc. no. V01217). Probes were 
labeled with [a-^PJ-dATP using the RadPrime DNA Labeling System (Gibco). 
Blots were rinsed in a solution of 0.1 x sodium chloride-sodium phosphate 
(SSC) with 0.1% SDS before autoradiography. Autoradiograms were scanned 
with a computing densitometer (Molecular Dynamics, Sunnyvale, CA), and 
individual band intensities were determined with fanageQuant software 
(Molecular Dynamics). 

Inununoprecipitations and Western inunnnoblots. TVansfected or non- 
transfected INS-1 cells were incubated in fresh culture medium for 24 h 
before harvesting conditioned medium. Harvested medium was centrifuged at 
2,000 rpm for 2 min. For each immimoprecipitation reaction, 1.2 ml of the 
resulting supernatant was removed, and immunoprecipitations were con- 
ducted as described previously (44) in the presence or absence of goat poly- 
clonal IgG anti-Shh COOH-terrainus (Shh (C-181) antiserum (Santa Cruz 
Biotechnology). Western blot analysis was conducted with primaiy goat poly- 
clonal IgG anti-Shh COOH-terminus (Shh IC-18J) antiserum (Santa Cruz 
Biotechnology) and secondary anti«goat IgG-horseradish peroxidase-conju- 
gated antiserum (Santa Cruz Biotechnology) as described (44). 

RESULTS 

Hh signaling proteins axe expressed in pancreatic 
islets and in clonal INS-1 p-cells. In the adult mouse pan- 
creas, both members of the receptor complex for Hhs, Ptc, 
and Smo are expressed preferentially in the islets of Langer- 
hans (Fig. LA). Ptc and Smo proteins are expressed in pan- 
creatic p-cells, located within the core of the islet, as demon- 
strated by their coexpression with insxilia The expression of 
Ptc in pancreatic p-cells is an indication of the existence of 
active Hh signaling in pancreatic islets because Ptc is a 
downstream transcriptional target of the Hh signal trans- 
duction pathway, and Ptc expression occurs in response to 
Hh signaling (17,21,30). Ihh, and less abundantly Dhh, protein 
expression can be detected as punctate staining within the 
islet cells of the mouse pancreas (Fig. LA), indicating that 
autocrine or paracrine interactions of Hh ligands occur with 
the Hh receptor complex Ptc and Smo within the islets. 

Ihh protein is expressed in small highly localized aggregates 
within pancreatic p-ceUs. These protein aggregates are not 
-observed when4mmunostakung'isG0nduGtedr wife anti-^;ih- - 
antiserum preadsorbed with blocking peptide (data not 
shown). By confocal microscopy, an average of one or two Ihh 
protein aggregates of -1-1.5 pm in diameter are seen per 
cell, localized in compartments distinct from the insulin 
secretory granules (Fig. 1C7). The Ihh protein expression pat- 
tern resembles cytoplasmic Hh protein expression in 
Drosophila embryos, described as "punctate," or "dots" 
(23,33,45). The subcellular aggregates may represent cho- 
lesterol raft compartments in which lipid-modMed Hh pro- 
teins are localized either for the generation or transduction 
of Hh signals (46-48). 

We used the clonal p-cell line INS-1 as a model system of 
the differentiated pancreatic p-cell in which to study Hh sig- 



naling because these cells retain many of the phenotypic 
characteristics of pancreatic p-cells (41). INS-1 cells express 
the Hh receptor complex Ptc and Smo, and subpopulations 
of the INS-1 cells also express Ihh or Dhh (Fig. LB). 
PancFeatic islets and INS-1 cells express mRNAs for Hh 
signaling proteins. Expression of mRNA for the Ptc and 
Smo receptors and the Hhs Ihh and Dhh was detected in tis- 
sue extracts derived from rat islets or INS-1 cells by RT-PCR 
and confirmed by Southern blotting (Fig. 2). Expression of 
Shh mRNA was undetected by RT-PCR with primers specific 
for Shh relative to Dhh or Ihh in cDNA prepared from either 
rat islets or INS-1 cells (data not shown). 
Hh signaling regulates insulin production in INS-1 
cells. Because INS-1 cells express Ihh, Dhh, and their recep- 
tor complexes Ptc and Smo, we hypothesized that intercel- 
lular Hh signaling might be involved in the regulation of 
p-cell function and insulin productioa Therefore, we treated 
INS-1 cells with qydopamine, an inhibitor of Hh signaling (37). 
Insulin secretion was reduced by 40% after 24 h of treatment 
of the cells with 20 pmol/1 eyclopamine (Fig. 3A). 
Cyclopamine also inhibited insulin secretion from INS-1 cells 
dose dependency (Fig. 3B) and reduced insulin content in 
INS-1 cells by -40% compared with the insulin content of 
untreated control cells (Fig. 3C), indicating that Hh signaling 
regulates insulin production. In contrast, short-term admin- 
istration of cyclopamine to INS-1 cells for 30 or 90 min did not 
ir\hibit insulin secretion (data not shown). 
Activation of Hh signaling increases the activation of 
insulin gene transcription in clonal INS-1 p-cells. We 
used Shh as an established means to activate the Hh signal 
transduction pathway (28,29,49) to determine whether the 
observed regulation of insulin production occurs at the 
transcriptional level. In these studies, we transiently trans- 
fected INS-1 cells with a rat insulin I promoter-reporter con- 
struct (-410 INS-LUC) (40) and increasing concentrations of 
an Shh expression plasmid (pShh) to provide an experimen- 
tal source of Hh. TYansfection of tlie pShh expression vector 
resulted in the production, secretion, and processing of Shh 
in the INS-1 cells, as shown by immunoprecipitation of con- 
ditioned medium from transfected INS-1 cells with antisera 
directed against the COOH-terminus of Shh (Fig. 4A). Multi- 
ple COOH-terminal fragments of Shh were produced that 
likely differ in posttranslational modifications, including the 
incorporation of cholesterol and other lipids (22,47). 

The addition of the pShh vector increased activation of the 
insulin promoter in a dose-dependent manner in both clonal 
INS-1 (Fig, 45) and MIN6 p-cells (Fig. 4C), relative to cells 
transfected with the empty vector pED. In contrast, pShh 
4id not-activate -ti\e-empty-4=eporter-veGtoF^]?3R2 (data not - 
shown). These findings show that activation of the Hh sig- 
naling pathway, by the ectopic expression of Shh, increases 
insulin promoter transcriptional activation in two lines of 
clonal p-cells. Furthermore, the administration of increasing 
dos6s of cyclopamine inhibited the observed Shh-mediated 
activation of the insulin promoter in a dose-dependent pattern 
in INS-1 cells (Fig. 4D). 

Inhibition of endogenous Hh signaling inhibits insulin 
gene transcription in INS-1 cells. INS-1 cells were then 
transiently transfected with the -410 INS-LUC promoter- 
reporter construct without added Hh. The addition, of 
cyclopamine to the transfected INS-1 cells inhibited the basal 
insulin promoter activity in a dose-dependent maimer by up 
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FIG. 1. Expression of Hh signaling proteins in the mouse endocrine pancreas and in insulinoma (INS>1) cells. Immunohistochemical staining 
of Ihh, Dhh, and Hh receptors Ptc and Smo in adult mouse pancreas (A) and in INS-1 cells (£). Dual fluorescence immunostaining with antis- 
era to Ihh, Dhh, Ptc, and Smo was developed with the flnorochrome Cy3 (red, left panels) and antiserum to insulin (Ins) with the fluorochrome 
C72 (green, ri^t panels). Asterisks indicate (on left) punctate Ihh or Dhh staining in mouse islets. For Dhh and Ihh in INS>1 cells, dual fluo- 
rescence immiinostaiiiing was superimposed (right panels) with IP Lab Spectrum (Signal Analytics) software. C: Superimposed image of con- 
focal microscopy of dual flaorescence immunostaining of adult moiise pancreas with antisera to Ihh developed with the fluorochrome Cy3 (red 
punctate pattern) and antiserum to insulin with the flaorochrome Cy2 (green). 

to 80% at the highest dose tested These findings define a We next examined the effect of inhibiting Hh signaling on 
range of qyclopamine responsiveness for INS-1 cells (Fig. 5). the expression of the endogenous insulin gene in INS-1 cells 
Therefore, asubstantial component ofbasal insulin promoter by analyzing insulin mRNA expression. INS-1 cells were 
acthdty in INS-1 cells, in the absence of ectopic expression of treated with 20 jimol/1 cyclopamine for 24, 48, and 72 h. Tbtal 
Hh, is regulated by endogenousfy produced Hh signaling. cellular RNA was prepared and was analyzed by Northern RNA 
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FIG. 2. Expression of mRNA for Hh signaling proteins in rat pancre- 
atic islets and the INS-1 p-cell line. cDNA was prepared from total RNA 
derived from rat islets or INS-1 cells in the presence (+) or absence 
(-) of RT and amplified with primers directed toward Ptc, Smo, Ihh, 
and Dhh. The PGR fhigments were the expected sizes of 266, 372, 387, 
and 331 bp, respectively. Antoradlograms are shown of the corre- 
sponding Sonthem blots probed vrith [''Pl-labeled oUgonncleotide 
probes targeting segments of sequence internal to each set of PGR 
primers. 



blot analysis. Relative insulin-to-actin mRNA levels for 
cyclopamine-treated cells were similar to the relative levels 
foimd in untreated control cells at 24 and 48 h. However, after 
72 h of exposure to cyclopamine, relative insulin-to-actin RNA 
levels were 55% of those observed for untreated control cells 
(Figs. 6A and E). The time required for the inhibition of 
endogenous insulin gene expression by cyclopamine was 
longer than that required for the inhibition of the activation of 
transfected insulin promoter constructs, likely because of the 
long half-life (-25 h) of insulin mRNA (50). The treatment of 
INS^l cells with cyclopamine for 72 h also reduced insulin 
mRNA levels relative to 28S and IBS RNAs (Fig, 6(7), con- 
firming the importance of active Hh signaling in the mainte- 
nance of insulin gene expression in insulin-producing cells. 

DISCUSSION 

Studies of Hh signaling have focused on the early develop- 
mental programs of tissue patterning of the pancreas. Our 
studies now indicate that Hhs also regulate gene expression 
in the fiiliy differentiated pancreas. We show that Hh signal- 
ing stimulates the expression of the insulin gene in insulin-pro- 
dudng cells^Our findingsthat Ihh Dhh-and their^ecep- 
tors Ptc and Smo are expressed in the endocrine pancreas 
support a model in which Hh signaling actively modulates islet 
cell function in the fiilly developed adult pancreas. In partic- 
ular, this hypothesis is strengthened by our demonstration of 
expression in pancreatic islets of Ptc, a downstream target of 
transcriptional activation in response to active signaling by 
Shh, Dhh, or Ihh (17,21,30). It is important to note that the 
expression of Ptc is taken as an indicator of the existence of 
ongoing active Hh signaling. In Hh-mediated developmental 
patterning, local expression of Ptc correlates with neighbor- 
ing expression of Shh, Ihh, or Dhh (21,29,30). Ectopic expres- 
sion of Hhs in Drosophiixij chick embryos, and transgenic 
mouse models induces ectopic Ptc expression (29,30,33, 
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FIG. 3. Cyclopamine, an inhibitor of Hh signaling, inhibits insulin 
secretion and decreases insulin content in INS-1 cells. A: Cyclopamine 
inhibits insulin secretion from INS-1 cells. INS-1 cells were incubated 
with 0.19% ethanol (carrier control) or 20 pmol/1 cyclopamine in 
0.1996 ethanol for 24 h at 37*C before coUection of aliqnots of culture 
medium for insulin radioimmunoassay. Results shown are the mean ± 
SE of seven determinations (n a 7), each assayed in dupUcate, derived 
firom three distinct passages of INS-1 cells. For each passage of INS-1 
cells tested, percent insulin seoretloii was determined by comparing 
the mean insulin secretion ft-om cyclopamine-treated cells with the 
mean-insnlin secretion of<«ontroLceIls-that-wa8-designated-as- 100% . 
B: Cyclopamine inhibits insolin secretion from transfected INS-1 cells 
in a dose-dependent manner. INS-1 cells transfected for the experi- 
ments shown in Fig. 4D that were treated with cyclopamine were also 
used for insulin secretion studies. Aliquots of culture medium were col- 
lected from INS-1 cells 24 h after transfection with the empty 
reporter vector pXP2 and the empty expression vector p£D and treat- 
ment with 0, 1, 10, or 20 pmolA cyclopamine in 0.19% ethanol as 
described in reseabch design and methods. Insulin levels were mea- 
sured by radioimmunoassay. Results shown are the mean ± SE of two 
determinations (n s 2), each assayed in duplicate. C: Cyclopamine 
decreases insulin content of INS-1 cells. INS-1 cells were incubated 
with 0.19% ethanol (carrier control) or 20 jmiol/l cyclopamine In 
0.19% ethanol for 24 h at 37*C before acid ethanol extraction and 
radioimmunoassay for insulin. Results shown are the mean ± SE of two 
determinations (n = 2), each assayed in duplicate. *P < 0.10; **P < 0.05; 
***P < 0.01. 
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FIG. 4. Activation of Hh signaling via ectopic expression of Slih increases transcriptional activation of ttie rat insulin I promoter in INS-1 cells. 
A: INS-1 cells transfected with pSIih process and secrete Shh. INS-1 cells were transiently transfected with 4 pg pED empty vector (-, top row) 
or 4 pg pShh (+, top row) as indicated. After 24 h of culture at 37*C, conditioned medium from transfected INS-1 cells was collected and sub- 
• jected to Immonopreclpitation with (+, bottom row) or without (-, bottom row) goat polyclonal anti-Shh COOH-terminns (aShh-C) antiserum 
and analyzed by Western blotting with anti-Shh COOH-terminus antiserum. The COOH-terminal fragment of Shh migrated as multiple bands 
near the expected molecular weight of 27 IdDa as indicated by asterisks. A nonspecific band seen by Western blotting is designated (ns). Shh 
activates the promoter of the rat insulin I gene in INS-1 cells {B) or MIN6 cells (C) in a dose-dependent manner. The cells were transiently 
cotransfected with 2 pg of the transcriptional reporter plasmid -410INS-LUG or the empty reporter plasmid pXF2 (data not shown) and 0-4 pg 
pShh with 4-0 pg pED empty vector as indicated. Cells were harvested after 24 h, and luciferase activities were determined and normalized 
with protein concentrations of the cell extracts. Fold-activation was determined by comparing luciferase activity (luciferase units per micro- 
gram protein) at each point within a transfection to the activity of the pED empty vector (0) that was designated as 100%. pShh did not acti- 
vate the empty reporter plasmid pXP2 (data not shown). Resnlts shown are the mean ± SE of three independent cell transfection experiments 
(n ss 3), each conducted in duplicate. D: Cydopandne inhibits activation of the rat insulin I promoter by ectopic expression of Shh in INS-1 
cells. INS-1 cells were transiently transfected with 2 pg of the transcriptional reporter plasmid -410INS-LUC and 4 pg pShh or 4 pg pED (data 
not shown). Cyclopamine administration was condacted as described in research design and methods. Fold-activation was determined by nor- 
malizing luciferase activity (luciferase units per microgram protein) at each point within a transfection to the activity of pED in the absence 
of cyclopamine treatment that was designated as 100%. Results shown are the mean * SE of three transfections (n s 8), each conducted with 
duplicate samples. *P < 0.10; **P < 0.05. 



51^3). Mutations or disruptions of Hhs result in decreased 
Ptc expression in target tissues (17,21,51). In particular, Ptc 
expression is not detected in the skeleton of Ihh knockout 
mice, in contrast to the nonnal pattern of Ptc egression in 
proliferating chondrocytes (17). Targeted disruption of Dhh 
in male mice results in the loss of Ptc expression normally 
seen in Sertoli cells (21). There are multiple potential endoge- 
nous activators of Hh signal transduction in pancreatic 
P-cells. Ihh and Dhh signals appear to be more important local 
activatois of the Hh signaling pathway in vivo in differentiated 
pancreatic islets because we did not detect expression of 
Shh in pancreatic p-cells. 



The activation of the insulin promoter by an exogenous acti- 
vator of Hh signaling and the repression of promoter activity 
by the Hh signaling inhibitor cyclopamine implicate the 
insulin gene as a target for positive regulation by Hhs in pan- 
creatic p-cells. The activation of the insulin promoter by Hh 
signaling may be interpreted as unexpected or even surpris- 
ing in light of e:q)erimental evidence suggesting that early pan- 
creas development requires the absence of Shh expression 
(34-36,38). However, Hh mRNA expression in developing 
Systems does not necessarily reflect the extent of local Hh sig- 
naling because, in tissues, Hh morphogens can travel sub- 
stantial distances from their sites of production (24). More- 
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FIG. 5. Cyclopamine decreases activation of the rat insulin I promoter 
by endogenons Hh expression in INS-1 cells. INS-1 cells were tran- 
siently transfected with 2 pg of the transcriptional reporter plasndd 
-410INS-LUC and 4 pg pED empty vector and treated with cyclopamine 
as in the experiments shown in Fig. 4D. Fold-activation was deter- 
mined by normalizing ladferase activity (ludferase units per microgram 
protein) at each point within a transfection to the activity of pED in the 
absence of cyclopamine treatment that was designated as 100%. 
Results shown are the mean ± SE of three transfections (n e 3), each 
conducted with dupUcate samples. *P < 0.10; **P < 0.06. 



over, it is well known that developmental moiphogens can be 
either activators or repressors of gene transcription depend- 
ing on the local ambient concentrations of the morphogens 
and the previous temporal experience of the cells to other 
moiphogens. The differences in levels of Hh expression 
noted in the embryonic foregut from which the pancreas 
develops may reflect active Hh signaling that participates in 
the formation of boundaries for the developing pancreas in 
a manner analogous to wing patterning in DrosophUa or in 
butterflies (54). Such a model is supported by Shh and Ihh 
knockout mouse models that exhibit pancreatic phenotypes 
(55). The developmental studies of Hh signaling in the pan- 
creas do not preclude coincident Hh signaling and insulin gene 
expression. In the transgenic mouse model in which Shh was 
overexpressed in pancreatic p-ceUs, insulin expression was 
retained although pancreas morphology was markedly 
abnormal (34). 

The differences observed in Hh function in developing and 
differentiated systems may reflect the complex regulation 
of Hh signaling pathways. Hh signaling can activate or 
repress gene transcription, depending on the regulation of 
multiple isoforms^ftiie-Gli/Giti^anscription factors (56,^7). 
Local concentrations of Ptc receptors may favor either 
sequestration or transmission of Hh signals (58). The multi- 
ple forms of vertebrate Hhs, two of which Qbh and Dhh) are 
expressed in the pancreatic islet, may also regulate distinct 
processes in the same tissues at different times in develop- 
ment, as illustrated by Shh in the regulation of early limb bud 
development, followed by Ihh in the regulation of cartilage dif- 
ferentiation at later stages of skeletal development (29,30). 

like Hhs, other factors have different actions in pancreas 
development than in differentiated pancreatic p-cells. For 
example, expression of the pancreas-specific homeoprotein 
pancreas duodenum homeobox-1 (PDX-1) is required for the 
development of both the exocrine and the endocrine pancreas 
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FIG. 6. Cyclopamine decreases endogenous Insulin mBNA expression 
in INS-1 cells. Ax INS-1 cells were cnltnred with 0.19% ethanol (con- 
trol) (-) or 20 pmolA cyclopamine in 0.19% ethanol (+). Culture 
medium was changed twice daily for a total incubation period of 24, 
48, or- 72 Ji. -Total RNA^was. extracted ItonUJie-ceUsandanalyzed-by-. . 
Northern blotting for rat LnsoUn I (upper panel) and p-actin (lower 
panel) transcripts. The corresponding antoradiograms are shown. B: 
Scanning densitometry of antoradiograms from the data shown in 
Fig. 6ii. For each time point, signal intensities were determined for 
insulin and actin transcripts. The relative intensity of insulin tran- 
script to actin transcript was determined as an insuUn/actin ratio for 
the control sample at each time point. Insulin/actin ratios for 
cyclopamine-treated samples are shown relative to each correspond- 
ing control set at 100%. Control; cyclopamine. C: Duplicate 
samples of INS-1 cells were cultured with 0.19% ethanol (-) or 
20 pmol/1 cyclopamine in 0.19% ethanol (+). Culture medium was 
changed daily for a total incubation period of 72 h. Total RNA was 
extracted from the cells and analyzed by Northern blotting for rat 
insulin I (upper panel). A photograph of the corresponding eliiidinm 
bromide-stained agarose gel showing levels of 28S and IBS ribosomal 
RNA is shown (lower panel). 
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(59,60). However, later in development, expression of PDX- 
1 is restricted primarily to the differentiated pancreatic 
P-cells within the endocrine pancreas wherein it regulates 
expression of p-cell-specific genes, including insulin, 
GLUT2, and glucokinase (61). The transcription factors IsH, 
Pax4, Pax6, Nkx2.2, Nkx6.1, and Beta2/NeuroD are essential 
for the development of the endocrine pancreas but are also 
important transcriptional regulators in differentiated pan- 
creatic endocrine cells (62). 

Our data suggest that the intercellular Hh signaling machin- 
ery that is implicated in pattern formation in the early devel- 
opment of the pancreas is deployed later by fully differentiated 
pancreatic p-cells for the regulation of insulin gene expression. 
It is possible that paracrine Hh signaling among neighboring 
p-cells and non-p-cells in the islets coordinates insulin pro- 
duction and that autocrine Hh signaling is part of a regulatory 
loop within these cells. Ihh protein is highly localized in a 
punctate pattern within p-cells, a distribution similar to that 
of Drosophila Hh (23,33,45), which is consistent with the pro- 
posed localization of Hh proteins within cholesterol rafts 
(47,48). This finding is of particular interest, since cholesterol 
modification regulates the transcellular movement of Hh 
ligands for long-range actions (23-25). 

The regulation of insulin production by Hh signals may 
occur through multiple mechanisms. Inhibition of Hh sig- 
naling in INS-1 cells diminished insulin content more rapidly 
than insulin mRNA transcripts declined — a decline likely 
delayed by the long half-life of insulin mRNA. Although we did 
not observe an independent effect of Hh signaling on short- 
term insulin secretion, in addition to effects on insulin gene 
transcription, Hh signals may regulate insulin production at 
other levels, including mRNA translation, post-translational 
processing, or protein stability. 

Hh proteins, as potential regulators of insulin production 
in the endocrine pancreas, may be relevant to the pathogen- 
esis and treatment of diabetes or hyperinsulinism. Because 
pancreatic p-cells produce insufficient levels of insulin to 
maintain normal glucose homeostasis in adult-onset diabetic 
patients, defective Hh signaling conceivably may be part of 
the pathogenetic process in type 2 diabetes. The identification 
of the insulin gene as a target of Hh signaling may stimulate 
the development of novel strategies for the regulation of 
insulin levels in disease states. 
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Abstract .• 

In mammals, taste receptor cells arc organized into taste buds on tongue. Taste buds are trophically maintained by taste neurons and under 
continuous renewal, even in adults. We found that the receptor for Sonic hedgehog (Shh), Patchedl (Ptc\ was expressed around taste buds 
where cells were proliferating, and tiiat Shh was expressed within basal cells of taste buds. Denervation caused the loss of Shh and Ptc 
expression before the degeneration of taste buds. © 2001 Elsevier Science Ireland Ltd. All rights reserved. 

Keywords: Taste bud; Tongue; Taste nerve; Sonic hedgehog; Patchedl; Adult mouse 



1. Results 

Ptc is a conserved target of Shh signaling; its expression 
can indicate the tissues responding to Shh during develop- 
ment (Goodrich et al., 1996; Marigo et al., 1996). Shh and 
Ptc were reported to be expressed in developing taste papil- 
lae in the embryonic stage, suggesting that Shh is involved 
in the morphogenesis of taste papillae (Hall et al., 1999; 
Jung et al., 1999). Here we report the expression of Shh 
and Ptc in lingual epithelium of the adult mouse. 

Taste buds in the tongue are localized in three types of taste 
papilla, the circumvallate, foliate and fungiform papillae. In 
circumvallate papillae, the expression of Ptc was found in 
epithelial cells on the basal side adjacent to each taste bud but 
not in tiie taste buds (Fig. 1 A). In contrast, Shh was expressed 
in limited basal cells witiiin th e taste buds (Fig« IB). Th e 
same expression pattern ot Shh was observed in fungiform 
and foliate papillae (Fig. IC and data not shown). Ptc and Shh 
expression in the tongue was restricted to local epithelium 
containing taste buds, and the expression was not detectable 
in tiie other epithelial regions or underlying mesenchyme 
(Fig. 1D,E). In sagittal sections, Ptc expression was found 
to be present in the basal but not in the apical region surround- 
ing the taste buds (Fig. IF). Shh expression in basal cells was 
enclosed by the Pfc-expressing region (Fig. IG). 
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Cells within a taste bud undergo continual turnover, even 
in the adult tongue. The studies following [^Hjthymidine 
incorporation have shown that epithelial cells surrounding 
the taste bud divide, and that some of the daughter cells 
enter the taste bud (Beidler and Smallman, 1965; Farbman. 
1980; Delay et al., 1986). We injected BrdU to label prolif- 
erating cells and compared the distribution of BrdU-labeled 
cells with tiie Ptc expression pattern. At 24 h after BrdU 
injection, BrdU-labeled cells occurred around the taste buds 
in epithelia of circumvallate papillae and the distribution of 
BrdU-labeled cells was included within the Pfc-expressing 
regions surrounding taste buds (Fig. 2A-F). At 5.5 days 
after BrdU injection, BrdU-labeled cells were evident 
within taste buds, suggesting that proliferating cells around 
taste buds had migrated into the taste buds (Fig. 2G). 

We next crushed the right glossopharyngeal n erve (IXth) 
and compared the expressions oi Ptc and KeratinS in 
circumvallate papillae in serial adjacent sections, using tiie 
left trench as a control. Taste buds in circumvallate papillae 
are innervated by Kth nerve and disappear at about 8 days 
after tiie nerve crush (Snuth et al.. 1994). KeratinS is 
expressed in taste buds, so the signal for KeratinS indicates 
remaining taste cells (Zhang et al., 1997). Four days after 
the right DCth nerve crush, tfie expression of Ptc had almost 
disappeared in the right trench, while the expression of 
KeratinS was noted (Fig. 3). The Shh expression, like Ptc, 
had disappeared in taste buds after denervation (data not 



0925-4773/01/$ - see front matter O 2001 Elsevier Science Ireland Ltd. All rights reserved. 
PII: 80925-4773(01)00414-2 



EXHIBIT 4 



144 



H. Mium et al /Mechanisms of Development 106 (200 J) 143-145 




Fig. 1 . Expression of Shh and Ptc in taste papillae of adult mice. Taste buds of circumvallatc papillae were analyzed by Ptc (A,D,F) and Shh (B.E,G). (A) Ptc 
was expressed in epithelial cells adjacent to each taste bud. (B) Shh was expressed in basal cells in taste buds. (C) In fungiform papillae, the same expression 
pattern of Shh was observed. Expressions of Ptc (D) and Shh (E) were restricted to the epithelium containing taste buds but not detectable in the other epithehal 
region or underlying mesenchyme. The epithelial region of circumvallatc papillae was analyzed by Ptc (F) and Shh (G) in serial adjacent sections. Round- 
shaped boundaries of each taste bud profile can be identified. (F) In transverse sections of each taste bud, Ptc was detected in the basal (white asterisk) but not in 
the apical (red asterisk) epithelial region surrounding the taste bud. (G) Shh was expressed within the taste buds. Clusters of 5/i/i-ex pressing cells were observed 
in taste buds near the basement membrane (white arrow). Tissues were sectioned at 5 jxm, and in situ hybridization was performed as previously described 
(Asano-Miyoshi et al.. 1998). Scale bars. 50 iim (in A) for (A-C); 100 \Lm (in D) for (D.E); 50 jim (in F) for (F.G). 



. shownj^These-observations indicate. thaLihe-S'/i/i._and-E«c 

expression is nerve dependent, and those expression disap- 
peared after the denervation of taste buds during the phase 
in which the taste bud structure was still intact. 

Our results show that Shh and Ptc are associated with the 
taste bud maintenance by nerve in adult mouse. 



■preyiously-CSniith-eLaU-lSMX-. Adult mice, w^re-injected _ 
(50 mg/kg i.p.) with bromodeoxyuridine (BrdU) (Roche 
Molecular Biochemichals) as described previously (Cho et 
al., 1998). Incorporated BrdU were detected with BrdU 
Labeling and Detection Kit n (Roche Molecular Biochenii- 
chals). 



2. Methods 

Acknowledgements 

The animals used in these experiments as adults were 8- 
20-week-old C57BL/6N mice. The glossopharyngeal (DCth) This work was supported by BRAIN. The authors thank 

nerve crushes was basically performed as described Dr Kunio Kitamura for the Shh cDNA. 



H, Miura et al /Mechanisms of Development 106 (2001) 143-145 



145 




Fig. 2. Comparison between Ptc expression and cell proliferation around 
taste buds in circumvallate papillae of an adult mouse in sagittal sections. 
(A-F) Serial adjacent sections form apical (A) to basal (F) epithelial regions 
at 24 h after BrdU injection. (A,C,E) Ptc expression was observed around 
taste buds. (B,D,F) The distribution of BrdU-positive cells corresponded 
with that of Ptc expression. (A-F) Asterisks show an identical taste bud. (D) 
The taste bud marked with the asterisk exhibits a high-level BrdU uptake in 
the /'/c-expressing region between (C.E), in comparison with (B). (G) Al 
5.5 days after BrdU injection, BrdU-positive cells were evident within taste 
buds. Doted lines show outlines of taste buds. Scale bar, 50 ^jn (in G) for 
(A-G). 
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